History
=======

Sihler\'s staining was first introduced by Dr. Charles Sihler to elucidate the distribution of snake nerve endings \[[@B1]\] and frog end-organs \[[@B2]\], but has since been largely forgotten by anatomists. However, this method was modified by Wharton (kidney, uterus, and ovary in humans) \[[@B3]\], Williams (foot and leg of the human fetus) \[[@B4]\], and Freihofer (fish) \[[@B5]\] to investigate the innervation of entire specimens. More recently, some manners of Sihler\'s staining procedures were modified in the last half of the 20th century by Liem and Douwe van Willigen \[[@B6]\]; their staining protocol is implemented in most current research on nerve distribution patterns.

Since 1990, the modified Sihler\'s staining protocol has been used increasingly to elucidate the nerve innervation patterns of mucosa, organs, and muscles \[[@B7]-[@B12]\]. Prior to 1990, such studies involved mainly animals, but, since then, human tissues have been increasingly subjected to this protocol to determine nerve innervation patterns.

Staining Protocol
=================

Sihler\'s staining comprises seven steps, which may take 3-4 months to complete, depending upon the thickness and size of the specimen. Furthermore, the timing of solution replacement requires precision, a quality that is determined by experience ([Fig. 1](#F1){ref-type="fig"}) \[[@B13]\].

Fixation
--------

Harvested specimens are fixed in 10% unneutralized formalin as soon as possible after death of the subject. The post-mortem must be expedited to avoid defective staining.

The specimens are fixed in formalin solution for up to 1 month, but the duration of the fixation varies depending on specimen size. The fixative (formalin) must be replaced freshly whenever it turns cloudy.

Maceration and depigmentation
-----------------------------

Fixed specimens are washed in running water for about 1 hour and placed in maceration solution (3% aqueous potassium hydroxide solution containing 0.2 ml 3% hydrogen peroxide per 100 ml) for 4 weeks. This solution should be changed every 1-2 days until the specimen becomes well bleached and translucent; this process can take 3-4 weeks.

Decalcification
---------------

Macerated specimens are shifted to Sihler\'s solution I (1 : 1 : 6=glacial acetic acid : glycerin : 1% aqueous chloral hydrate), which should be refreshed every week for 4 weeks.

Staining
--------

Adequately decalcified specimens are stained with Sihler\'s solution II (1 : 1 : 6=Ehrlich\'s hematoxylin : glycerin : 1% aqueous chloral hydrate). The staining process takes approximately 3-4 weeks, depending upon sample size and tissue density. The staining condition, which is the criterion that determines progress to the next step, can be evaluated by observing the degree of penetration by Ehrlich\'s hematoxylin on a viewing box with sufficient light transmission.

Destaining
----------

Stained specimens are placed into Sihler\'s solution I, which was also used in the decalcification step, and stirred lightly. This process is stopped when stained nerve twigs are revealed; the timing of which usually depends on specimen size and on the experience of the technician. At this stage, researchers should frequently check the specimen on a viewing box that transmits sufficient light to observe the condition of the specimen. The remaining tissue (i.e., connective and muscle tissue) may not completely bleach at this step.

Neutralization
--------------

The specimen, which at this stage is in an acidic state, needs to be neutralized by soaking in 0.05% lithium carbonate solution for approximately 1 hour and then washed under running tap water for 1 hour.

Clearing
--------

The specimens are then cleared with increasing concentrations of glycerin (40%, 60%, 80%, and 100%) for 1 day until any overstained regions are washed out. This process should be terminated when the nerve twigs can be seen clearly on a viewing box. Specimens are then stored in pure glycerin to which a few thymol crystals have been added.

Comparing the Strengths and Limitations of the Procedure
========================================================

Sihler\'s staining technique may supplement and complement the limitations of other methods used to visualize the innervation patterns of organs, muscles, and mucosae. The strengths and limitation of Sihler\'s staining technique are described in detail below.

Strengths
---------

First, Sihler\'s technique for whole-mount nerve staining makes it possible to observe the finer nerve twigs without a manual dissection. Second, it enables those regions that are generally difficult to visualize (and the communicating pattern of neighboring nerves) to be observed with the unaided eye. Third, this whole-mount technique does not require slide preparation; thus, making it possible to clarify the relationship between adjacent structures. Fourth, both the nerve innervation pattern and the arterial distribution can be observed using this staining technique.

Limitations
-----------

First, this staining protocol does not enable the distinction between sensory and motor neurons in the specimen because it selectively stains the myelin sheath that covers the axon. Nerve composition can only be determined by tracking it back to its main branch. Second, compared to other experimental procedures, this staining method is time consuming and its success is very much dependent upon the researcher\'s experience. Third, as it is a whole-mount staining method, Sihler\'s staining may result in differences in staining quality depending on the thickness and size of the specimen, and consequent to inaccurate solution changes during the decalcification and clearing steps.

Possible Applications of Sihler\'s Staining
===========================================

Sihler\'s staining has been applied by some researchers to verify the innervation of organs, skeletal muscles, and other tissues in humans and other animals. Similarly, it has been used in our laboratory not only to clarify innervation patterns but also to describe arterial distributions. In the latter case, heavy arteries need to be injected with latex containing a color agent before beginning the dissection; thus, clearly distinguishing their anatomical structure from the surrounding tissues. This staining method is followed only until step 2 (maceration and depigmentation), at which point the specimen becomes translucent. Once clearing is complete, definite arterial branches can be observed within the specimen with the unaided eye. Possible applications of Sihler\'s staining are described by region in the following.

Nerve distribution pattern of the oral mucosa
---------------------------------------------

The buccal nerve (BN) runs between the two heads of the lateral pterygoid muscle underneath the tendon of the temporalis muscle, occasionally piercing the temporalis muscle \[[@B14]\]. The BN is a branch of the mandibular nerve, which is derived from the trigeminal nerve and transmits sensory information to the skin on the anterior area of the buccinator muscle, buccal mucosa, and posterior area of the buccal gingivae to the molar teeth. The BN supplies sensation to the buccal area of the face, the so-called cheek, together with adjacent nerves, such as the infraorbital nerve (ION) and the mental nerve (MN), which branch from the mandibular nerve. The distribution areas of both the main trunk and tiny twigs of these nerves should be considered for a diagnosis and guidance of surgical intervention. However, the manipulation of nerves when dissecting the oral mucosa could alter its course and distribution patterns \[[@B15]\]. Sihler\'s staining is capable of providing precise information about the course and distribution areas of the BN, ION, and MN, and, as it is a whole-mount nerve stain, obviates the need for manual dissection. We used Sihler\'s stain to investigate the distribution of the BN, ION, and MN and to determine a diagnostic reference for the numbness caused by nerve injury, for trigeminal neuralgia, and to provide an anatomical guide for various surgical interventions ([Fig. 2](#F2){ref-type="fig"}).

Nerve distribution pattern of the masticatory muscles
-----------------------------------------------------

**The masseter muscle:** The masseter muscle is of clinical importance with regard to masseteric hypertrophy, bruxism, and disorders of the temporomandibular joint. Conventional treatment includes mandibular angle resection and reduction of the masseter muscle through surgical intervention and injection of botulinum toxin A (BTX-A).

Gurney \[[@B16]\] suggested an extraoral approach for the resection of a hypertrophied masseter muscle, but he encountered postoperative complications such as bleeding, trismus, and swelling \[[@B16]-[@B18]\]. BTX-A injection can be used as an alternative and noninvasive treatment for avoiding the complications associated with surgical intervention. For an effective BTX-A injection, the needle should be inserted as near as possible to the region where most of the neuromuscular synapses are located \[[@B19]\]. Therefore, we performed Sihler\'s staining to reveal the nerve distribution pattern within the masseter muscle; thus, providing critical information for determining the most efficient and safe sites for BTX-A injection ([Fig. 3](#F3){ref-type="fig"}) \[[@B13]\].

**The temporalis muscle:** We performed Sihler\'s staining simply to observe the intramuscular nerve pattern of the temporalis muscle, which is divided into three topographical portions: anterior, middle, and posterior portions. The temporalis muscle is one of the masticatory muscles and plays an essential part in upward and backward elevation of the mandible \[[@B20]\]. Upward elevation occurs by contracting the anterior fibers of the temporalis muscle, and backward elevation is caused by contraction of the posterior fibers. The anterior fibers of the temporalis muscle were innervated by the anterior deep temporal nerve, the middle fibers by the middle deep temporal nerve, and the posterior fibers by the posterior deep temporal nerve, which are derived from the third branch of the trigeminal nerve ([Fig. 4](#F4){ref-type="fig"}).

Nerve distribution pattern of the anterior compartment of the forearm muscle
----------------------------------------------------------------------------

In patients with a damaged central nervous system, spasticity of the forearm muscles can lead to excessive pronation of the forearm as well as inflexible flexion and extension of the elbow, wrist, and fingers. It can induce pain, joint contracture, skin breakdown, and functional impairments \[[@B21]\]. Spasticity can be reduced by things like antispastic medication, nerve block, or kinesiology. BTX-A injection is the most effective and safe method for reducing forearm spasticity, but it is necessary to place the needle as near as possible to the neuromuscular synapses due to unwanted side effects and weakness of the neighboring muscles \[[@B22]\]. Therefore, we used a detailed dissection and Sihler\'s stain to reveal the distribution pattern of the extra- and intramuscular nerves innervating the forearm muscles to determine the accurate injection point for BTX-A ([Fig. 5](#F5){ref-type="fig"}) \[[@B21]\].

Nerve distribution pattern of the thigh muscles (adductor longus and gracilis)
------------------------------------------------------------------------------

Hip adductors act as synergists of gait activity and controllers of posture in the supine position and adduction of the flexed thigh when standing \[[@B23]\]. Patients with hip adductor spasticity exhibit gait-pertaining signs such as a narrow base of support, poor balance, and an unstable gait \[[@B24]\]. Common treatment modalities for hip adductor spasticity have been applied to operations such as an obturator neurectomy, obturator neurolysis, and motor point block \[[@B25]\]. BTX-A is a particularly effective treatment, not only because of its effectiveness, but also because of easy accessibility. The injection point is often assumed to be situated halfway along the length of a muscle belly \[[@B26], [@B27]\], or at the motor point, which is where the muscular branch enters the muscle belly, rather than at the neuromuscular junctions \[[@B28]\]. However, previous studies have noted that the neuromuscular junction is usually more distal than the motor point \[[@B29], [@B30]\]. Therefore, we performed Sihler\'s staining to clarify the intramuscular branching pattern and arborizing area of the hip adductor muscle with reference to the surface landmarks of the thigh ([Fig. 6](#F6){ref-type="fig"}).

Nerve distribution pattern of the leg muscles
---------------------------------------------

Anatomical information regarding the triceps surae muscles is clinically significant due to the increasing number of medical interventions, such as neurectomy \[[@B31], [@B32]\], a gastrocnemius resection \[[@B33]\], and BTX-A injection \[[@B34]\], that are used to reduce spasticity and improve the esthetic appearance of bulky calves. Improvements in terms of efficacy and safety have been investigated in many studies by examining the nerve innervation supplying the triceps surae \[[@B35]\]. However, the distribution pattern in the triceps surae muscles has been reported only rarely, because it is difficult to visualize and to analyze the intramuscular branching patterns therein. Liu et al. \[[@B36]\] mentioned that tracing becomes more difficult as the end of the nerve is approached. However, we can be stained successfully using modified Sihler\'s technique, thus enabling analysis of the intra- and extramuscular branching patterns, and hence anatomical substantiation ([Fig. 7](#F7){ref-type="fig"}) \[[@B37]\].

Arterial distribution pattern of the palatal mucosa
---------------------------------------------------

The palatal mucosal and submucosal tissues are used for transplants when performing periodontal procedures involving dental implant fixation \[[@B38]\]. Thus, the topographical location of the greater palatine artery (GPA) is important, not only to avoid bleeding but also to maintain the vitality of donor tissues for transplant \[[@B39]\]. In particular, esthetic subepithelial connective tissue grafting is often used in periodontal interventions for the incisive region relative to implant fixation \[[@B40]\]. In this case, the two-dimensional course of the GPA and its depth from the epithelial tissue are important considerations. We have used Sihler\'s staining to provide the the branching patterns of GPA twigs from its main trunk ([Fig. 8](#F8){ref-type="fig"}).

![The appearance of the muscle which is changed through Sihler\'s staining described every stage. A: Fixed specimen, B: Macerated specimen, C: Stained specimen (intramuscular nerve distribution of the masseter muscle for botulinum toxin injection. Reproduced from J Craniofac Surg 2010;21:588-91, with permission) \[[@B13]\].](acb-44-1-g001){#F1}

![For observing the exact distribution of the buccal nerve and its anatomical relationship with mental nerve and infraorbital nerve which is innervating the oral mucosa applied a Sihler\'s staining (Sihler\'s-staining study of buccal nerve distribution and its clinical implications, focusing on its relationship with adjacent sensory nerves in the angular area of the mouth. Reproduced from J Craniofac Surg Submitted, with permission).](acb-44-1-g002){#F2}

![For observing the intramuscular distribution of masseteric nerve innervating the masseter muscle applied a Sihler\'s staining (intramuscular nerve distribution of the masseter muscle for botulinum toxin injection. Reproduced form J Craniofac Surg 2010;21:588-91, with permission) \[[@B13]\].](acb-44-1-g003){#F3}

![For observing the intramuscular distribution of deep temporal nerve innervating the temporalis muscle which is divided into three portions as regards topographical shape applied a Sihler\'s staining.](acb-44-1-g004){#F4}

![For finding the region as near as possible to the neuromuscular synapses in a forearm muscles applied a Sihler\'s staining (intramuscular nerve distribution of the masseter muscle for botulinum toxin injection. Reproduced from Am J Phys Med Rehabil 2010;89:644-52, with permission) \[[@B21]\].](acb-44-1-g005){#F5}

![For observing the intramuscular branching pattern and arborizing area of hip adductor muscle with reference to surface landmarks of the thigh applied a Sihler\'s staining (This research is in the middle of writing an article. Reproduced with permission).](acb-44-1-g006){#F6}

![For observing the intramuscular nerve distribution innervating the triceps surae muscles applied a Sihler\'s staining (extra- and intramuscular nerves distributions of the triceps surae muscle as a basis for muscle resection and botulinum toxin injections. Reproduced form Surg Radiol Anat 2009;31:615-21, with permission) \[[@B37]\].](acb-44-1-g007){#F7}

![For observing the accurate courses of main trunk of greater palatine artery with reference to cevix of individual teeth was used only in step 2 of Sihler\'s staining (This research is in the middle of writing an article. Reproduced with permission).](acb-44-1-g008){#F8}
